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Over millions of years man has evolved from a water breather in a 
weightless environment to an air breather in a 1-G environment. This 
gradual evolution allowed the development of structural and functional 
changes in both the respiratory and cardiovascular control mechanisms that 
allow man to cope with specific stresses in his normal habitat. In the area of 
cardiovascular performance, we have come to rely heavily on complex 
feedback responses to cope with postural changes, which alter the body axis 
along which gravitational forces act. The activities of daily living evoke 
these reflexes as we stand, sit, lie down, or become immersed. Over the past 
several years, many individuals have ‘returned’ to a weightless state during 
space missions whose duration has ranged from a few hours to several 
months. Missions related to space are likely to increase the time of exposure 
to the weightless condition. However, some of the mechanisms that are 
operative at 1-G appear to ‘fail’ when the 1-G load is reapplied following 
exposure to a period of weightlessness. There is indisputable evidence that, 
in some cases, the space environment, by relieving gravitational stresses, has 
permitted adaptive mechanisms to lapse, causing serious problems upon 
return to the 1-G condition. If man is to function in a space environment on 
a periodic basis, he must be able to adjust not only to weightlessness but also 
to the effects of the earth’s gravity upon re-entry and, with a view to the 
future, to the gravitational fields of other planets that may eventually be 
reached. 


1 This work was supported by National Aeronautics and Space Administration Con- 
tract NAS9- 16042. 
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Successful adaptation to the space environment as we know it requires 
man to perform work. Cardiovascular feedback mechanisms must cope with 
two stresses, often combined: postural changes combined with changes in 
gravitational forces, and physical exercise. Appropriate responses to these 
stresses may be more difficult to achieve after adaptation to the weightless- 
ness of space; in fact, man may not be able to fully adjust to the stress of 
gravity unless appropriate feedback responses are reinforced continuously 
during flight. Although many studies have been conducted prior to, during, 
and after space flight, due to logistic constraints, information to address the 
problems stated above is insufficient. To compensate for this lack of 
information, ground-based simulation studies have been conducted by us 
and others in an attempt to add insight into the problems of the cardiovas- 
cular adaptation to alterations in gravitational force. 

The purpose of the present paper is to consider cardiovascular 
responses to changes in gravitational force. Man is ideally suited to his 1-G 
environment. Although cardiovascular adjustments are required to accom- 
modate to postural changes and exercise, these are fully acomplished for 
short periods (min). More challenging stresses are those of short-term 
microgravity (h) and long-term microgravity (days) and of gravitational 
forces greater than that of earth. The latter can be simulated in the labora- 
tory and quantitative studies can be conducted. 


Weightlessness 
Acute Exposure 

When a person is standing in air, a large volume of blood is pooled in the 
periphery. This does not present a problem insofar as venous return (VR) is 
generally sufficient to maintain a stroke volume (SV) which, when com- 
bined with increased heart rate (HR), positive inotropic tone and venomo- 
tor tone, result in a cardiac output (0) that is sufficient to perfuse tissue to 
supply needed nutrients as well as to maintain mean arterial blood pressure. 
These cardiovascular responses are regulated by complex feedback mecha- 
nisms that meet the existing demands as well as the imposed stress of 
physical exercise. A decrease in the gravitational force results in less 
peripheral pooling, causing a cephalad shift of blood. This occurs when we 
assume the supine position or in the head down tilt position (HDT) and 
results in translocation of 200-500 ml of blood to the thorax. A further shift 
of blood can be accomplished by applying a graded differential pressure 
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either from below the diaphragm (lower body positive pressure, LBPP) or a 
graded differential pressure from distal to proximal (water immersion in 
water of thermoneutral temperature, WI). 

During WI to the neck, ^800 ml of blood are translocated to the thorax 
[1]. The result of these graded increases in thoracic volume are increases in 
central venous pressure (CVP), right atrial pressure (Pr A ) and end diastolic 
volume (EDV); typically heart rate and cardiac contractility remain 
unchanged. The outcome of these primary changes is an increase in stroke 
volume and cardiac output. An increase in Q could result in an increase in 
mean arterial pressure (Pa); however, this is not usually observed during 
weightlessness. Pa does not increase because of a drop in total peripheral 
resistance (TPR) that is proportional to the increased Q. The decrease in 
TPR is the result of increased blood flow to many vascular beds including 
skeletal muscle [3, 19]. 

One of the most striking responses to WI is the development of a 
diuresis and natriuresis [12]. The diuresis develops rapidly (with 2 h of WI) 
while the natriuresis develops more slowly, reaching a peak in 3-4 h. An 
increase in free water clearance is more marked in normally hydrated 
subjects as compared to hydropenic subjects [4] with little change in glo- 
merular filtration rate or renal blood flow [12]. 

Gauer and co-workers [14-16] postulated that the diuresis is due to the 
inhibition of antidiuretic hormone (ADH), induced by stimulation of the 
left atrial volume receptors resulting from cardiac stretch (increased pres- 
sure and volume). The consequences of the diuresis were postulated to be a 
reduction in plasma volume (PV) and consequently decreased thoracic 
blood volume and SV. Initial studies supported this postulate [12]; however, 
recent studies clearly demonstrate that the cardio-renal coupling is not 
necessarily as tight as once thought [7, 17]. 

Data for HDT experiments from several investigators are presented in 
table I along with our data collected in the supine position and during WI. As 
indicated in table I, CVP, Q and SV increased initially during HDT while 
HR and Pa were not changed significantly. After these initial changes, CVP, 
Q and SV decreased along with HR while Pa did not change significantly. 
Although the magnitude of these changes in the supine position was less 
(^5%) and during WI greater (^15%), the overall pattern of the responses 
was similar in the three conditions. Most importantly, the initial increase in 
Q is offset by a decrease in TPR as Pa did not change. Over the first 2-3 h of 
either HDT (6 °) or WI, HR and SV decreased, the result being a decrease in 
Q. During HDT the CVP decreased to control levels after 5 h, which could 
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Table I. Cardiovascular responses to head down tilt (HDT), supine (S), and water immer- 
sion (WI) 


Time 




Oh 

I h 

2 h 

3 h 

4 h 

5 h 

6 h 

7 h 



(seated) 








CVP, mm Hg 

HDT 

3.9 

3.6 

4.6 

4.4 

_ 

3.8 

_ 

3.8 

Q, liters • 

HDT 

6.5 

7.9 

7.8 

7.2 

- 

6.9 

- 

6.9 

min -1 

S 

6.7 

7.6 

7.1 

6.9 

7.0 

6.7 

6.6 

6.9 


WI 

6.8 

8.8 

7.4 

7.2 

7.0 

7.0 

7.2 

7.1 

SV, ml 

HDT 

94 

1 14 

1 16 

110 

- 

“106 

- 

106 


S 

93 

106 

101 

101 

107 

105 

101 

104 


WI 

92 

122 

107 

109 

105 

107 

109 

107 

HR, beats • 

HDT 

69 

69 

67 

“ 65 

- 

65 

- 

65 

min -1 

S 

72 

72 

70 

68 

66 

64 

65 

66 


WI 

74 

72 

69 

66 

67 

65 

66 

66 

Pa, mm Hg 

HDT 

97 

95 

101 

98 

- 

94 

- 

96 


S 

89 

86 

89 

87 

88 

86 

87 

88 


WI 

88 

89 

90 

88 

87 

86 

87 

86 

PV, % 

HDT 

100 

101 

104 

106 

105 

103 

104 

101 


S 

100 

101 

102 

101 

100 

99 

99 

99 


WI 

100 

104 

103 

100 

100 

99 

99 

98 


account for the decreases in SV. During HDT, however, Echt has shown that 
CVP remains elevated for at least 4 h while SV decreases [11]. During WI, 
the decreased SV must be due to decreased cardiac contractility, presumably 
due to a decrease in sympathetic tone. Furthermore, PV, after an initial 
hemodilution, was not significantly less after 7 h of HDT, S or WI. 

All three simulated microgravity experiments resulted in increases in 
cardiac stretch, urine flow and sodium excretion which were accompanied 
by a lower plasma renin, aldosterone, and ADH; a careful examination of 
the results indicate that these changes do not necessarily take place in a 
parallel manner. For instance, in sedentary subjects, the Q increases 35- 
40% during WI with an increased SV ; however, within 2 h of WI it returns to 
control levels. On the other hand, both the diuresis and natriuresis are 
sustained for 2-4 h during WI. This dissociation between cardio-renal 
responses to WI was most dramatically demonstrated in endurance-trained 
athletes. In these subjects, WI initiates a greater increase in Q than in 
sedentary subjects; furthermore, it is sustained longer. Despite the cardiac 
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response, the renal responses to WI (both diuretic and natriuretic) were 
markedly attenuated in trained subjects [7], The latter finding was accom- 
panied by the lack of an ADH response; plasma-renin-angiotensin (PRA) 
and aldosterone responses remained normal. The dissociation of cardio- 
renal responses can be further demonstrated by the nocturnal attenuation of 
renal responses to WI; cardiac responses are unaltered [27], The lack of a 
tight coupling of the cardiac-renal-endocrine responses to WI strongly 
suggests that while the Gauer-Henry mechanisms may play an important 
role in eliciting renal-endocrine responses to WI, other mechanisms must 
contribute to the overall outcome. Furthermore, the renal-endocrine 
responses do not alter PV over 8 h of WI while SV is decreasing to control 
levels. 

Chronic Exposure 

In spite of the absence of changes in PV over an 8-hour period, CVP 
continued to decrease to only 20% of the pre-HDT values during a 6-day 
HDT study; 0 and SV did not decrease further [18, 22], This finding during 
HDT agrees with data collected over 2-3 days of space flight where CVP and 
0 were not elevated over control levels; there was, however, a significant 
diuresis and PV decrease [21, 26, 29]. These ‘second phase responses’ to 
microgravity apparently contribute to the cardiovascular deconditioning 
observed after space flights. The exact mechanism of these responses needs 
further investigation. Apparently after 7 h of microgravity, CVP and 0 as 
well as Pa and PV are not elevated above 1 -G levels. The question remains as 
to cause of the second phase of responses to microgravity. A partial expla- 
nation may be advanced that is related to the hydration state of the subjects 
during the 2 to 7-day experiments. The hydration state of these subjects is 
not well-explained; however, in our supine and WI experiments water loss 
was not repleted. In previous experiments in which water loss was repleted 
[4, 12], Q remained elevated, and the diuresis persisted over a 4-hour 
period. In these experiments Q was sustained at a high level during WI in 
spite of a decrease in SV. The effect of partial rehydration during micro- 
gravity might be to support the cardiac stretch which could lead to the 
continuation of the diuresis. Assuming that this tissue fluid loss is maximal, 
the second phase diuresis could result in a net loss of PV. This postulate 
needs further investigation; however, there is indisputable evidence that in 
some cases a microgravity environment, by relieving the stresses of gravity, 
allows adaptive mechanisms to lapse, resulting in what has been termed 
cardiovascular deconditioning. 
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Table II. Resting cardiovascular response to increased G z 




+ 1 G z 

+2 G z 

+3 G z 

V 0i , liters • min -1 

a 

0.29 

0.32 

0.35 

b 

0.25 

0.29 

0.40 

Q, liters • min -1 

a 

7.3 

5.9 

5.6 


b 

5.3 

4.4 

4.3 

SV, ml 

a 

105 

66 

50 


b 

70 

47 

46 

HR, beats • min -1 

a 

68 

89 

115 


b 

76 

98 

115 

Pa, mm Hg 

a 

95 

107 

115 


b 

- 

- 

- 

(Ca-Cv) 0j , liters 0 2 • lb" 1 

a 

4.1 

5.4 

8.1 


b 

4.8 

7.1 

8.4 

a = Average data from refs 6, 13, 20, 23, and 25; b = 
the erect posture. 

average data from our laboratory for 


Increased Gravitational Force (+GJ 

When going from the supine to erect posture, gravity pulls 200-500 ml 
of blood into the dependent limbs, resulting in a decrease in Q and Pa and an 
increase in HR. Under normal conditions, the drop in Pa is not sufficient to 
lead to orthostatic intolerance. If an individual has a pathological condition 
or altered cardiovascular reflexes as occurs in the adaptation to micrograv- 
ity, the effect of gravity may lead to orthostatic intolerance. To this end, 
studying normal subjects in an increased G z environment may provide 
insight into the feedback mechanisms involved in the prevention of or 
tolerance to orthostatic hypotension. Many studies of G z tolerance have 
been conducted; however, relatively few have measured cardiovascular 
variables during steady state adjustment to increased G z [6, 13, 20, 23, 25]. 
Data from these studies are combined with data from our studies in table II. 
Inasmuch as man can only sustain 3 G z when unassisted by a G-suit or 
straining, only data at 1, 2 and 3 G z are presented. 

As indicated in table II, there is an increase in Vq 2 with increasing 
G-load; this increase is most dramatic at 3 G z . SV is markedly reduced at 2 
and 3 G z when compared to 1 G z ; this results in a decreased Q in spite of the 
dramatic increase in HR. The decreased Q is offset by a dramatic increase in 
TPR as Pa actually increases at 2 and 3 G z when compared to 1 G z and the 
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Table III. Resting cardiovascular responses to prolonged exposure to + G z 


Variable 

+ G Z 

Exposure time 




4 min 

12 min 

20 min 

28 min 

32 min 

V 0 ,, liters • min -1 

2 

0.24 

0.26 

0.28 

0.29 

_ 


3 

0.41 

0.49 

0.61 

- 

- 

Q, liters • min -1 

2 

4.4 

4.5 

4.4 

4.4 

- 


3 

5.6 

5.0 

4.6 

- 

- 

SV, ml 

2 

51 

48 

44 

51 

- 


3 

47 

35 

32 

- 

- 

HR, beats • min -1 

2 

87 

94 

99 

86 

- 


3 

120 

142 

140 

- 

- 

(Ca-Cv) a , liters 0 2 • 1 b -1 

2 

5.4 

5.8 

5.2 

6.6 

- 


3 

7.3 

9.8 

13.3 

- 

- 


arterio-venous oxygen difference (Ca-Cv) 0 , is much greater to meet the 
metabolic demands. At first glance, body position at +G Z did not make a 
difference; however, the decrease in SV or Q and increase in HR are greater 
in the erect than in the seated position. This difference is presumably due to 
the greater degree of venous pooling in the erect than in the seated position. 
The cardiovascular adjustment to 2 and 3 G z can apparently overcome the 
increased stress of gravity as the cardiovascular system appears to be in 
steady state with the only compromise being a reduced cardiovascular 
reserve. This reduced reserve could become a limitation when the subject is 
asked to exercise. 

In spite of the apparent adjustment to increased G z discussed above, it 
is well known that subjects cannot sustain + G z for very long. We attempted 
to expose 6 subjects to 32 min resting experiments at 1 and 3 G z . The data 
from these experiments are presented in table III. The T2 G z protocol was 
tolerated for 20-28 min, while +3 G z was tolerated for only 12-20 min by 
which time the subjects developed narrowing peripheral vision. The sub- 
jects appeared to maintain their initial adaptations to +G Z . Resting Vq 2 
increased with exposure time, especially at 3 G z , while Q was sustained at a 
level lower than that at 1 G z until just prior to the decompensation when Q 
decreased ( — 20%). HR increased as a function of G z exposure time up to 
near maximal exposure time when it decreased. Linnarsson [20] has shown 
that Pa is increased at + G Z initially; however, as exposure time increases, 
there is a decrease of Pa resulting in an inability of the circulatory system to 
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support the heart-brain pressure gradient, resulting in inadequate brain 
perfusion. There is a progressive fall in SV and increase in HR during +G Z ; 
however, the decrease in Pa is much greater than would be expected from the 
decreased Q alone. This suggests that the initial increase in TPR cannot be 
sustained at either 2 or 3 G z . 

A possible countermeasure to the initial and/or progressive decrease in 
SV during +G Z exposures could be the muscle-pumping action to increase 
the VR and therefore SV. In early studies [6, 23], it was suggested that low 
levels of exercise supported the cardiovascular system during increased G z ; 
it was already well known that straining maneuvers assist G z tolerance [2, 
10, 17]. No studies, however, follow the cardiovascular variables over a 
period of constant G z . We used low levels of exercise (V 02 = 0.6- 1.0 liters • 
min -1 ) during 32 min of 2 and 3 G z . All 6 subjects completed 32 min at 2 and 
3 G z . with a Q that was 10-15% above rest and a HR not significantly 
different from rest at +G Z . Both HR and Q, and presumably Pa, were 
maintained for the entire 32 min. It would appear that muscle and abdom- 
inal/thoracic pumping assisted VR sufficiently to increase Q and maintain 
the increased value for the exposure period. 


Adaptation to Work 

Although low levels of exercise during +G Z experiments might be 
useful, their effectiveness during weightlessness remains to be investigated. 
In addition, the balance between increased VR due to muscle pumping and 
the increased demand for muscle blood flow and 0 increased and 
decreased G z should be examined at higher workloads. Data are presented in 
table IV for the cardiovascular responses to exercise at 0-G (supine), + 1 and 
3 G z . 

Under 1 G z conditions, Q, HR and Pa increase linearly with Vq 2 until 
their maximal values are reached. Under simulated 0 G z (supine), resting is 
higher than 1 G z , HR is lower and Pa is similar. As V 02 rises, 0, HR and Pa 
increase in the 0 G z condition; however, the differences between 0 and 1 G z 
disappear at exercise levels of —2.0 liters 02* min -1 . When compared to 
1 -G z values, Q is lower at rest and at all levels of exercise at 3 G z , while HR is 
significantly greater; Pa is also elevated. The delivery of O 2 to tissues is 
increased in all G z conditions by increased SV and HR; however, under 
+ G Z conditions, HR dominates while under 0 G z , SV plays a greater role. 
The subjects appear to adapt to exercise under all G z conditions, but the 
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Table IV. Cardiovascular responses to exercise at 0 G, +1 G z and +3 G z for seated exercise 
from the literature (a) and for our erect exercise data (b) 


Variable 

V 0; 

, liters • min -1 




G z 

rest 

1.0 

2.0 

Q, liters • min -1 

0 

7.3 

12 

15 


1 

6.3 

11 

16 


3a 

5.6 

10 

- 


3b 

4.8 

8 

13 

HR, beats • min -1 

0 

68 

90 

137 


1 

72 

99 

134 


3a 

115 

150 

- 


3b 

115 

148 

172 

Pa, mm Hg 

0 

94 

106 

122 


1 

95 

105 

125 


3a 

115 

125 

- 


3b 

- 

- 

- 


mechanisms of the adjustments are different. For example, at a V 02 of 1 .0 
liters • min -1 , the (Ca-Cv)o 2 is 8, 9.1, and 12 liters O 2 /I blood for 0, 1, and 3 
G z , respectively. At the higher workload (Ca-Cv)o 2 was 13, 13, and 1 5 for 0, 
1 and 3 G z , respectively. As higher workloads are achieved, the increased 
VR due to the supine posture is no longer evident, while on the other hand, 
the decreased VR due to 4- G z becomes a major limitation to 0- The limit to 
the adjustment of the cardiovascular system can be considered to be the 
maximal aerobic power. Previous work has shown that the Vq 2 max in the 
supine position is 10-15% lower than in the erect position in spite of the 
greater SV at lower workloads [5, 24, 28]. 

On the other hand, it is obvious from table IV that the maximal Vq 2 at 3 
G z is significantly lower than at 1 G z (~~40%). In spite of the limitations of 
increased G z on the cardiovascular system, exercise can be carried out at 
least at modest workloads while the response of the cardiovascular system at 
0 G z is not appreciably different than at 1 G z . It should be noted, however, 
that at low exercise levels (Vq 2 <1.0 liters • min -1 ) 3 G z can be tolerated for 
30-45 min while at higher workloads (V 02 > 1 .0 liters * min -1 ), G z tolerance 
time is reduced to 16-24 min. This would suggest that the cardiovascular 
system is not in a true steady state. Further investigation into this area is 
needed. 
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Adapation to the space environment requires first the adjustment to 
weightlessness and then re-adaptation to gravity. Astronauts will be 
required to perform work in both a weightless environment and under 
increased gravitational force. The ability to adapt to exercise over time is 
critical to successful adaptation. Exercise during weightlessness is appar- 
ently not limited at submaximal levels. As discussed above, under increased 
G z conditions, there is an initial adjustment of the cardiovascular system; 
however, in a relatively short period of time, the cardiovascular system 
cannot meet the demands of G z plus exercise. It is not apparent that these 
observations could be applied to a 1 G z environment following adaptation 
to weightlessness; however, the response to 1 G z after adaptation to weight- 
lessness seen as cardiovascular deconditioning would appear similar to that 
made in going from 0 to 1 G z . In studies by Convertino [8, 9], exercise 
performance after 10 days of HDT or bed rest (0 G z ) demonstrated that V 02 
max was lower (—8%), submaximal HR was greater (—5%), and the ana- 
erobic threshold lower. This author concluded that PV lost during adapta- 
tion to weightlessness resulted in the observed cardiovascular decondition- 
ing. Interestingly, Convertino’s findings are qualitatively similar to the data 
where 2 G z is compared to 1 G z . 

In summary, it appears that man is capable of adapting to a weightless 
environment. Although the application of the Gauer-Henry hypothesis to 
this adjustment needs to be reconsidered, there appears to be a decrease in 
PV as well as in sympathetic tone after 2-3 days of 0 G z . The role of the 
hydration state of the subjects needs further investigation, as there appears 
to be complete adjustment to 0 G z within 8 h without a decrease in PV (when 
subjects are allowed to dehydrate mildly). In actual space flight, space 
motion sickness is experienced at least mildly by most astronauts. This may 
alter the hydration state for the first few days, and once relieved by rehy- 
dration, may lead to the decrease in PV that is typically reported. Hydration 
changes account for the inability to re-adapt to gravity upon return to earth 
and may lead to the inability to function when landing on other planets. 
Apparently exercise, per se, does not serve as an effective countermeasure. 
Even though +G Z tolerance was improved, it did not persist long enough to 
maintain the steady state. 

Given sufficient adjustment time, man can re-adapt to gravity; how- 
ever, the dynamics of the adjustments of the cardiovascular system need 
further investigation. It is clear that, if man is to successfully adapt to the 
space environment and return from it, we must prevent cardiovascular 
deconditioning that develops during the weightless period by either uncov- 
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ering and interfering with the mechanism that causes it or by developing 
effective countermeasures. These could presumably be used not only during 
weightlessness but also during re-entry. By identifying and using such 
countermeasures, we may be able to effectively extend man’s interplanetary 
initiatives as he learns to cope with gravitational force in much the same way 
as he deals with other environmental variables. 
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